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 Effects of different factors on chloride concentration index (Nc) of cement paste are studied.
 Zeta potential, thickness and chloride distribution of EDL are investigated.
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In this study, the effects of different factors on chloride concentration index (Nc) of cement paste were
studied. The factors including chloride concentration in soaking solution, slag replacement, external
applied voltage and cation ions of soaking solution were all studied from the electrical double layer
(EDL) properties point of view. Zeta potential and proton Nuclear Magnetic Resonance (1H NMR) mea-
surements were conducted to investigate the properties of electrical double layer for cement paste spec-
imens and their effects on the value of chloride concentration index. The results showed that these
factors all impacted effects on chloride concentration in electrical double layer and chloride concentra-
tion index. The properties of electrical double layer including chloride distribution and thickness of elec-
trical double layer mainly controlled the phenomenon of ‘‘chloride concentrate” and value of chloride
concentration index. As the increase of zeta potential and electrical double layer thickness, the content
of chloride ions in electrical double layer and the value of chloride concentration index gradually
increased.
 2019 Elsevier Ltd. All rights reserved.1. Introduction
Chloride induced reinforcement corrosion has been one of the
dominating problems leading to the deterioration of concrete
structure. A significant amount of cost and efforts are paid every
year all around the world for the maintenance, strengthening and
even reconstruction on concrete structures threatened by chloride
penetration and the induced reinforced corrosion. Within cement-
based materials, the penetrated chloride ions can be captured by
hydration products or components of raw materials, which is
defined as chloride binding [1–3]. The free chloride ions in pore
solution are major reason to cause the steel corrosion and studieson extraction of pore solution and chloride concentration analysis
have been extensively conducted [4].
Pore solution expression method with high pressure is consid-
ered as the most reliable method to acquire pore solution and
study the free chloride concentration. Compared to other methods
such as water extraction method (to obtain the water-soluble chlo-
ride), the results of pore solution expression are considered to be
more close to the actual free chloride concentration. Duchesne
and Bérubé [5] evaluated the validity of the pore solution expres-
sion method for determination of alkali concentrations in pore
solution of hardened cement pastes and mortars. Their results
showed that the alkali concentration in the expressed pore solu-
tion was not affected by the pressure at which the pastes and mor-
tars were expressed, and the presence of aggregate did not bring
any changes to the testing results. During the pore solution expres-
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squeezed out the pore solution. During this process, the chloride
ions in electrical double layer (EDL) can be extracted out together
with the bulk pore solution by the high pressure. The chloride dis-
tribution and concentration in EDL are different from that in bulk
pore solution due to the surface potential, which generally results
into higher chloride concentration in the expressed pore solution
in cement-based materials. This phenomenon was defined as
‘‘chloride concentrate” and chloride concentration index Nc was
applied to define the ratio of chloride concentration in the
expressed pore solution to that in soaking solution [6].
After discovering of chloride concentrate phenomenon in 1990s
[6], extensive studies [7–9] have been conducted to investigate the
mechanism of chloride concentrate and factors that may affect
chloride concentration index. According to these studies, pore
structure and EDL properties of cement-based are considered as
predominate factors on value of Nc. In our previous studies, the
variations of pore structure and chloride content during pore solu-
tion expression test were investigated and used to calculate the
chloride concentration in the expressed pore solution. Moreover,
the percentage of gel pores or small size pores in the total porosity
is more important due to that the overlap of EDL in small size pores
can significantly increase the chloride concentration in solution of
EDL. For EDL properties, the Stern EDL model was generally applied
to explain this phenomenon and present the chloride distribution
in EDL. According to the EDL model established by Stern, the EDL
consists of two layers [10]: internal layer and external layer. Inter-
nal layer refers to compact layer or Stern layer while external layer
refers to the diffusive layer. In the compact layer, ions opposite to
solid surface potential are strongly bound due to electrical or non-
electrical attraction. Out of the compact layer, ions diffusively dis-
tribute in the diffusive layer, where the concentration of counter-
ion (ion with opposite charge of ions in the compact layer) is
higher than that of ions who take same charge as the compact layer
(co-ions). With the increase of distance to solid surface, the con-
centration of counter-ion decreases until equal to that of bulk solu-
tion. In the diffusive layer, there exists a shear plane located close
to the boundary layer between the compact and diffusive layers.
The solution on the side of pore solution is flowable and able to
moves with bulk pore solution. This movement generates a poten-
tial difference at the shear plane, which is defined as zeta potential
[11,12]. The properties of EDL including zeta potential and thick-
ness of EDL are also controllable for chloride concentration in
EDL and in the expressed pore solution. He et al [8] calculated
the chloride ion concentration in the expressed pore solution based
on a proposed EDL model. However, the experimental results to
confirm these models and calculations are insufficient. Therefore,
a systematical analysis on influential factors from the EDL property
point of view on chloride concentrate phenomenon and chloride
concentration index is needed.
In this study, the factors influencing the chloride concentration
in the expressed pore solution of cement paste specimens are
investigated based on their effects on EDL properties of cement-
based materials. Factors including chloride concentration in soak-
ing solution, slag replacement, external applied voltage and cation
ions of soaking solution are considered in this study. Zeta potential
and proton nuclear magnetic resonance (1H NMR) measurements
are conducted to investigate the properties of EDL in different
cement paste specimens and their effects on chloride concentra-
tion in the expressed pore solution and value of Nc. Based on the
results presented in this study, the formation of the phenomenon
‘‘chloride concentrate” and its relationship with EDL or interfacial
properties of cement-based material are illuminated. The results
in this study can also lay a foundation on wider application of pore
solution expression method in determining free chloride concen-
tration in pore solution of cement-based materials.2. Experimental
2.1. Raw materials
P·I 52.5 ordinary Portland cement (OPC) and Grade 95 slag powder (SL) were
used in this study. The OPC has a specific surface area of 336 m2/kg. The mortar
compression strength is 26.6 and 57.3 MPa at 3 and 28 days, respectively, based
on GB/T 17671-1999 (1999) (water/cement ratio = 0.5, sand/cement ratio = 3).
The density and Blaine specific surface area of slag are 2900 kg/m3 and 446 m2/
kg. The chemical composition of the cement and slag are given in Table 1, no chlo-
rides are detected for materials used in this study. NaCl, KCl, CaCl2 and AgNO3 are
analytical grade chemicals. Deionized water is used to prepare solution for chemical
analysis.
2.2. Specimen preparation and curing
Cement pastes with water to binder (w/b) ratio 0.4 and different slag replace-
ment levels (0, 20%, 40% and 60%) were prepared in this study. PVC pipes with a size
ofU50  200 mm were used as moulds. One end of the mold was sealed with poly-
vinyl chloride board. After cement paste was cast into the mold, the other end of the
mold was sealed with plastic film immediately. After that, the specimens with
mould were left in a room at 20 ± 2 C for 24 h, then demolded and cut into thin-
disc about 6 mm of thickness with a water-jet cutting machine.
The cement paste disc specimens were cured in water for 7 and 28 days, within
which the last day of curing was 24 h of vacuum saturation with saturated limewa-
ter. Then pastes were immersed into 0.1, 0.3, 0.5, 0.7 and 1.0 mol/L of NaCl solutions
respectively in plastic containers covered with plastic film at 20 C. The volume
ratio of soaking solution to specimens was kept above 40 times. The solution was
replaced every two weeks to ensure the relatively constant chloride ion concentra-
tion in the soaking solution. The cement paste disc specimens were then soaked in
NaCl solutions before pore solution expression and chloride ion analyses. For stud-
ies on types of cations, NaCl, KCl and CaCl2 solutions were used as soaking solutions.
For studies with externally applied voltage, the specimens were prepared with
U100  200 mm PVC pipe molds and cut into 8 mm thickness. After 28 days of bath
curing, the cement paste specimens were separated into 2 groups. For the first
group, the specimens were kept in water for another 207 days, followed by 60 h
of rapid chloride migration (RCM) test according to Tang [13]. The catholyte solu-
tion was NaCl solutions with chloride concentration 0.1, 0.5 and 1.0 mol/L,
0.3 mol/L NaOH solution was used as anolyte solution. The applied voltage was
10 V. The pore solution expression and zeta potential measurement were conducted
after 207 days of bath curing and 60 h of RCM test (210 days in total). As a reference
group, cement paste specimens for natural diffusion were soaked in NaCl solution
for 210 days after 28 days of bath curing.
2.3. Pore solution expression and chloride analysis
After the soaking process or RCM test, the specimens were rubbed with a cloth
to obtain saturated surface dry condition. The specimens were crushed, placed into
an expression apparatus and loaded to 510 MPa (900 kN) at a rate of 1.5–2.5 MPa/s.
They were held at this pressure for 1 min, then unloaded rapidly and repeated once
more. The expressed pore solution was collected with an injection syringe whose
pinhead covered with a latex tubing to prevent leaking [14]. The collected pore
solution was injected into a plastic container and sealed immediately to avoid car-
bonation. The pore solution expression apparatus was cleaned with unhydrous
ethanol between two pore solution expressions to avoid cross contamination. For
every batch, three specimens were used for pore solution expression, and the
reported results are the average of the three specimens.
The collected pore solution was diluted 20 times for chloride ion titration with
an automatic potentiometric titrator. The titration solution was 0.01 mol/L of AgCl
solution. At the end point of the titration, automatic potentiometric titrator calcu-
lated the chloride concentration automatically according to potential-volume
curve. ‘‘Chloride concentration index” Nc was calculated by the following equation:
Nc ¼ ck=cb ð1Þ
where ck is the chloride ion concentration determined by chloride ion titration, cb is
chloride ion concentration in exposure solution.
2.4. Zeta potential measurement
When the designed soaking time or RCM test period was reached, the samples
were ground by ball mill and placed in a 60 C vacuum drying oven for 24 h. The
fraction of particles with diameter between 0.025 and 0.045 mm was collected by
sieving for zeta potential measurement. The suspension was prepared by mixing
powder samples and chloride solution with concentration equal to that of corre-
sponding soaking solution. The mass ratio of solid to liquid was 1:1. The suspen-
sions were kept on a stirring apparatus for 6 h, and kept still for one minute
before the measurement. The zeta potential of the suspensions was measured with
DT300 instrument.
Table 1
Chemical composition of raw materials (%).
Raw Material SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 C Ignition loss
OPC 22.51 5.32 3.78 63.13 2.56 0.71 2.02 — —
SL 33.00 13.91 0.82 39.11 10.04 1.91 0.16 — 0.08
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Fig. 1. Effects of chloride concentration in soaking solution on Nc of cement paste
specimens with100% OPC.
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1H NMR relaxation tests were conducted for samples before pore solution
expression test at room temperature (20.00 ± 5.00 C) and low temperature ran-
ged from 5 to 30 C at a step of 5 C. For low temperature point, the sample
was kept in refrigerator with the testing temperature for 24 h before shifting to
the NMR testing tube. Small fragments with around 0.5 cm diameter were used
for NMR test. MicroMR12-025 produced by Niumag Corporation (Shanghai, China)
was used for NMR relaxometry measurement. The resonance frequency was
11.845 MHz. Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was employed
to measure NMR transverse relaxation time and the NMR results were transferred
into pore size distribution according to the following equation proposed in Refs.
[15–17]:
1
T2
 1
T2;surf
¼ q2
S
V
 
pore
¼ Fs  q2r ð2Þ
where T2 is the transversal relaxation time of water; T2,surf is transversal relaxation
time due to surface relaxation; (S/V)pore is specific surface area of pore; Fs is geomet-
rical factor, Fs = 2.0 for cylinder pore; q2 is surface relaxivity, here assumed 50 mm/s
for cement mortars. Normally, the surface relaxivity rests with the ‘‘thickness” of
surface layer, and average value of qwas adopted in literatures [15,16]. In this study,
it was assumed that the average surface relaxivity of the testing samples were iden-
tical, and an approximate value was decided to just qualitatively study the differ-
ences of pore size distribution between different samples.
2.6. Thermal analysis
A simultaneous thermal analyzer was used to conduct the thermal gravity anal-
yses on hardened cement paste. Specimens were crushed by a hammer and moved
through 2 mm sieve. These particles were immersed in unhydrous ethanol for at
least 24 h to prohibit further hydration of cementitious materials. The particles
were thoroughly ground with mortar and pestle after being cooled down. Powders
smaller than 0.08 mm were placed in a vacuum oven at 105 C for another 24 h of
drying, and 10–15 mg of powders were used as testing samples. They were heated
from 20 to 980 C at heating rate of 10 C/min in a nitrogen atmosphere. Recorded
thermal gravity curves were used to determine the Friedel’s salt and calcium
hydroxide contents. For Friedel’s salt, 6 water molecules will be decomposed at
around 100–150 C while another 6 molecules will be decomposed at around
300 C according to Grishchenko et al. [18]. The content of Friedel’s salt and Ca
(OH)2 can be calculated according to the mass loss at 300 and 450 C, respectively.
2.7. Pore structure measurement
Pore structure measurements were carried out on specimens in parallel to pore
solution expression. The specimens were crushed into fragments of about 0.5 cm in
size. Their rough edges were chipped off by a plier. The small fragments were
immersed in unhydrous ethanol for at least 24 h to stop further hydration, then
dried in an oven at 60 C until constant mass was reached. Pore structures of the
dried cement pastes were measured by means of mercury intrusion porosimetry.
Quantachrome PoreMaster 60 mercury injection apparatus shown in Figs. 3 and 4
was used in this study. The contact angle was assumed as 140, and surface tension
106.7 psi/lm.
3. Results and discussions
3.1. Chloride concentration in soaking solution
Fig. 1 shows Nc of cement paste with 100% OPC after 7 and
28 days of curing and 91 days of soaking in NaCl solution. With
the increase of chloride concentration, the value Nc gradually
decreased.
The thickness of diffusive layer (L) can be calculated by Debye
formula [9]:
L ¼ k1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
RTe
2F2cb
s
ð3Þwhere, k is Debye constant, cb is the concentration of bulk solution,
e is the dielectric constant, R is gas constant, T is room temperature,
F is Faraday constant.
It can be seen from Eq. (3) that the effect of soaking solution
concentration on thickness of diffusive layer in EDL is significant.
The lower the concentration of NaCl solution is, the bigger the
thickness of diffusive layer of cement pastes is. With the increase
of EDL thickness, the solution and chloride ions in the diffusive
layer can be increased, which can be extracted into the expressed
pore solution during pore solution expression. Due to the decrease
of EDL thickness, the chloride concentration in the expressed pore
solution and value of Nc of paste specimens by pore solution
expression gradually decreased. When immersed in chloride solu-
tion with higher concentration, the decreased EDL thickness weak-
ened the effects of EDL on the expressed pore solution, thus the
chloride concentration in the expressed pore solution might be
close to that in the soaking solution and the value of Nc gradually
decreased.
In order to investigate the relationship between chloride con-
centration in soaking solution and the thickness of EDL, the range
of EDL was determined by low temperature 1H NMR measurement
in this study. As the temperature goes down to below zero, the
pore solution in pores can be frozen to ice. Generally, the temper-
ature for pore solution turns into solid phase relates to the size of
pores where the pore solution stays. The smaller the pore size is,
the lower the frozen temperature will be for the pore solution.
Bager et al. [19,20] studied the ice formation in hardened cement
pastes with low temperature Calvet microcalorimeter. They found
that water contained in finer pores, physically adsorbed water in
EDL formed on solid surface or in a ‘‘interlayer’’ position was non-
frozen even under the condition of 55 C, and the freezable (free)
water within saturated cement paste specimens can be removed at
a relative vapour pressure lower than 60% of atmospheric pressure.
In order to increase the testing accuracy, the cement paste speci-
mens after 7 days of curing were applied for 1H NMRmeasurement
to increase the porosity and water content within the specimens.
Fig. 2 shows the evolution of T2 relaxation distribution within
cement paste specimens with the decrease of temperature from
5 to 30 C, experimental results of cement paste specimens
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Fig. 2. T2 relaxation distribution of cement paste specimens during freezing process after immersed in (a) 0.1 mol/L, (b) 0.5 mol/l and (c) 1.0 mol/L NaCl solution.
4 X. Hu et al. / Construction and Building Materials 231 (2020) 117135immersed in 0.1, 0.5 and 1.0 mol/L NaCl solutions are presented. It
can be seen from the figures that the proportion of signal ampli-
tude at right side, which relates to water in larger pores, gradually
decreased while the left side increased. At the range of 100–
10000 ms, T2 signal was only detected under temperature of 5,
0 and 5 C. Compared to the peak at the range of 0.01–1.0 ms,
the T2 signal on the right hand side of the T2 relaxation distribution
plot is relatively small, especially for cement paste specimens
under lower temperature. When temperature decreased to
30 C, nearly 95% of signals were located at the range of 0.01–
1 ms. For the T2 signal peaks with T2 relaxation time in this section,
it can be seen that the signal amplitude with relaxation time lower
than 0.4 ms was increased with the decrease of temperature, while
the signal decreased when relaxation time larger than 0.4 ms.
The value of T2 in NMR measurement results can represent the
location of water within samples. Large T2 value relates to water in
large pores, while the water in small pores and the adsorbed water
in EDL can result into low T2 value. In this study, we can easily
regard the peak within 0.01 to 1.0 ms as the water in small pores
and adsorbed water. Generally, the liquid in a pore has a frozen
temperature related to the diameter of pore. Jehng et al. [21] stud-
ied the microstructural evolution of cement paste specimens by
NMR, it was found that the capillary pore water can be frozen at
temperature lower than 30 C. However, water remained as liq-
uid in gel pores over a temperature range reaching to 120 C.
The confinement of solid phase or solid surface on ions and liquid,
which may change the existence form of solution within pore
structure, was considered as the differences in freezing
temperature.
It can be seen in this study that the water at the range of 0.01–
1 ms remained to be liquid, the results in this section can be
regarded as the water distribution before freezing. The effects ofsurface potential on liquids and ions in EDL result into different
properties of adsorbed water in EDL and free water in bulk pore.
Due to the surface potential of solid phase, solution in EDL can
be only partially moved parallel to solid phase, but not at the direc-
tion perpendicular to surface. In this study, the total content of
water at the range of 0.01–1 ms was unchanged and we assumed
that the water will not be transferred between small and large
pores during the low temperature 1H NMR measurement. It has
been investigated [22] that the content of adsorbed water can be
changed with different temperature. In this study, variation of
adsorbed and free water should be opposite under the assumption
that the total water content at the T2 relaxation time from 0.01 to
1 ms unchanged. Therefore, it can be seen from the experimental
results that the content of adsorbed water increases while free
water decreases with the decrease of temperature. According to
the T2 relaxation distribution plots of cement paste specimens in
different concentrations of NaCl solution shown in Fig. 2, it can
be seen that the boundary points of T2 relaxation time for adsorbed
and free water of these three samples are basically same. On the
two sides of 0.4 ms, the T2 relaxation distribution plots show dif-
ferent trends with the decrease of temperature, which means the
signal on these two sides presents two different types of pore
water. Therefore, we determined T2 = 0.4 ms as the boundary point
for adsorbed and free water.
After the boundary point in T2 distribution plots for adsorbed
and free water is determined, the percentage of adsorbed water
within cement paste specimens under ambient temperature
(20 C) can be calculated. The peak area of T2 distribution repre-
sents the content of water, then the area between the plot and x
axis on the left hand side of 0.4 ms was determined and divided
by the total area of the distribution plot. Fig. 3 shows the percent-
age of adsorbed water to total water within cement paste speci-
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Fig. 3. Content of adsorbed water in cement paste specimens.
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can be seen from the figure that the percentage of adsorbed water
in cement paste specimens gradually decreases with the increase
of concentration in pore solution or soaking solution. For cement
paste specimens immersed in 0.1 mol/L NaCl solution, almost
20% of total water was adsorbed onto the surface of solid phase
due to the larger EDL thickness, while it decreased to 5% as concen-
tration increased to 1.0 mol/L.
According to the Stern EDL model, the distribution of chloride
ions in EDL is different from that in bulk pore solution. With pos-
itive surface potential or zeta potential, the chloride ions diffu-
sively distributed in EDL under the simultaneous effects of
attraction from solid phase and thermal motion of ions. The value
of Nc mainly controlled by two factors: the range of EDL and the
chloride distribution or the average chloride concentration in
EDL. It can be seen from Fig. 3 that the increase of chloride concen-
tration in soaking solution decreases the range of EDL and also the
adsorbed water content in EDL. He [8,23] calculated the thickness
of EDL based on Stern model, it was found that the thickness of EDL
decreased significantly with concentration of bulk solution, which
became less obvious as the concentration higher than 0.5 mol/L.
These findings can be used to interpret the decreased the value
of Nc with the increase of chloride concentration in soaking
solution.
The distribution of chloride ions and average chloride concen-
tration in EDL are mainly affected by the surface potential or zeta
potential. With higher surface potential, the amount of chloride
ions being attracted into the EDL layer can be increased. Fig. 40
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Fig. 4. Zeta potential of cement paste specimens after 7 days of bath curing and
91 days of soaking.shows the zeta potential of hardened cement paste with 100%
OPC after 7d of bath curing and 91d of soaking in different concen-
trations of NaCl solution. It can be seen that the zeta potential of
cement paste specimens was decreased with the increase chloride
concentration in soaking solution. According to Stern EDL model,
the potential-determined layer, where ions are chemically bound
onto the surface of solid occupies the most area of the compact
layer. The ions in this layer, such as Ca2+ in the cement-based
materials, also called as potential-determined ions. These ions
are desolvated and generally determine the sign of zeta potential.
Close to the potential-determined layer, there exists a thin layer
with thickness equals to 1 or 2 molecules. The ions in this layer
are solvated ions and are tightly adsorbed due to physical and elec-
trostatic interactions [24]. In this layer, the concentration of ions
with opposite charge to the potential-determined ions (named as
counter-ions, Cl in this study) is higher and results into the
decrease of potential. The potential increased from zero to maxi-
mum point in the potential-determined layer and went little bit
lower to the boundary of compact and diffusive layers. Outside
of the compact layer is the diffusive layer, in which most of the ions
are flowable. With the increase of chloride concentration in pore
solution, the concentration of counter-ions in the motionless layer
between potential determined layer and diffusive layer increases
and the potential decrease will be enhanced. The increase of chlo-
ride concentration can enlarge the difference between surface
potential and zeta potential, which results into the decrease of zeta
potential. In diffusive layer, the chloride concentration relates to
the potential and gradually decreases with the increase of distance
from solid surface. The chloride distribution and total chloride con-
tent within diffusive layer can be increased with the increase of
zeta potential.
In conclusion, the increase of chloride concentration in soaking
solution decreases the thickness of EDL and also the zeta potential,
which results into the decrease of total chloride content in EDL.
Therefore, with the increase of chloride concentration in soaking
solution, the chloride concentration in the expressed pore solution
and value of Nc gradually decreased.
3.2. Slag replacement
The chloride concentration indices Nc of cement paste speci-
mens with different contents of slag are plotted in Fig. 5 as a func-
tion of soaking solution concentration. The results of cement paste
specimens after 28 days of bath curing and different soaking ages
including 56, 91 and 365 days are presented. It can be seen that
after 56 days of soaking, the value of Nc decreased with the
increase of slag replacement level. As the soaking time increased,
the value of Nc all increased, especially for cement paste blended
with slag. After 91 days of soaking, the value of Nc for 20% slag-
blended cement paste specimens was slightly higher than that of
OPC specimens. After soaking in NaCl solution for 1 year, it can
be seen that almost all slag-blended cement paste specimens
showed higher Nc values than that of OPC specimens. For all of
the results shown in Fig. 5, the values of Nc were decreased with
the increase of chloride concentration in soaking solution, which
was in agreement with results and discussions in previous section.
Slag is a kind of binder with potential cementitious properties,
the content of silica in slag is 33%, which is higher than that in OPC
(21.09%). When slag is used to replace OPC, the quantity of C-S-H
gel in hardened cement pastes may be increased due to pozzolanic
reactions between slag and hydration products of OPC. Compared
to 100% OPC specimens, hardened cement paste with slag can pro-
duce more [„SiOA]. It will provide more adsorption groups.
Therefore, the increase of C-S-H gel due to the slag replacement
may enhance the ability of chloride adsorption which at last
increases the concentration of chloride ion in the diffusive layer.
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Fig. 5. Effect of slag content on Nc of cement paste specimens with 28 days of bath curing and (a) 56 days, (b) 91 days and (c) 365 days of soaking.
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results into the lower content of C-S-H gel formed within cement
paste at the early age [25]. Therefore, after 56d of soaking in NaCl
solution, the addition of slag decreased the value of Nc. With the
increase of soaking time, the reaction between slag and Ca(OH)2
enhanced the formation of C-S-H in slag-blended paste and more
adsorption sites for chloride ions were provided. It can be seen
from Table 2 that with the increase of slag replacement level, the
content of Ca(OH)2 in cement paste specimens was gradually
decreased. Fig. 6 shows the zeta potential of cement paste speci-
mens with different slag replacement levels for similar curing
and soaking ages as shown in Fig. 5. It can be seen that the zeta
potential of the cement paste specimens decreased with the
increase of slag content at the early age. However, with the
increase of soaking time, the development of zeta potential in
slag-blended cement paste specimens was faster than that of
OPC specimens. After 1 year of soaking, the zeta potential of
100% OPC paste was similar or even smaller than that of the
slag-blended specimens, which was in agreement with the value
of Nc.
The increase of slag replacement led to a reduction of cement
content, and decreased the content of primary hydration product
Ca(OH)2 significantly as shown in Table 2. These may have negative
effects on pozzolan effects and the formation of C-S-H gel [25]. The
decrease of cement and consumption of Ca(OH)2 during pozzolanicTable 2
Thermal analysis results of cement paste specimens after 28 days of curing and 91 days o
No. Chloride concentration (mol/L) Ca(OH)2 (% of b
100%OPC 0.5 16.22
20%SL 0.5 9.07
40%SL 0.5 6.03
60%SL 0.5 2.87reactions lower the pH of pore solution, even below 12.0 [26,27],
which may show negative influences on dissociation of silanol
group and chloride adsorption by C-S-H gel. Within cement-
based materials, chloride can also be chemically bound by alu-
minum phases to form Friedel’s salt [28]. The content of Friedel’s
salt within cement-based materials was increased with the
increase of slag content as shown in Table 2. The content of
Al2O3 in slag was higher than that in the cement while the content
of sulfate was lower, which may enhance the chemical binding of
cement pastes and formation of Friedel’s salt. Chemical binding
and physical adsorption in cement pastes coexist in a competitive
dynamic process [29]. The enhancement of chemical binding
would decrease the chloride concentration in pore solution and
inhibit the physical adsorption of chloride ions onto EDL. This
may also decrease the value Nc after slag replacement, especially
at early soaking time with lower chloride concentration in pore
solution. As the soaking time increased, the addition of slag
enhanced the formation of C-S-H gel, which can provide more sila-
nol site on the surface of hydration products and finally exceed the
value of zeta potential for slag-blended samples compared to 100%
OPC paste. The continually penetration of chloride ions from soak-
ing solution can decrease the effects of chemical binding on chlo-
ride concentration in bulk pore solution. Therefore, the chloride
content in EDL and value of Nc can be increased with the increased
of slag replacement level.f soaking.
inder) Ca(OH)2 (% of OPC) Friedel’s salt (% of binder)
16.22 3.94
11.34 4.81
10.06 5.11
7.17 5.97
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Fig. 6. Zeta potential of cement paste specimens with 28 days of bath curing and (a) 56 days, (b) 91 days and (c) 365 days of soaking.
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Fig. 7 shows the value of Nc of cement paste specimens for nat-
ural diffusion (210 days of soaking) and RCM (60 h, followed by
207 days of bath curing) tests. The results showed that the value
of Nc for cement paste specimens with applied voltage was much
higher than that of natural immersion. The value of Nc constantly
decreased with the increase of concentration of NaCl solution,
while the declining rate for cement paste specimens with RCM test
was greater. For cement paste specimens with RCM test, the value
of Nc decreased from 3.6 to 1.8 when the chloride concentration in
catholyte solution increased from 0.1 to 1.0 mol/L. As can be seen,
the chloride concentration in soaking solution did not change the
chloride content of OPC samples under natural immersion when
the molarity of the solution increased from 0.5 to 1.0 mol/L.0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
N
c
Concentration of NaCl solution /(mol/L)
Natural diffusion
  RCM test
0.1 0.5 1.0
Fig. 7. Nc of cement paste specimens with 100% OPC.The applied voltage altered the microstructure and composition
of hydration products, which are two major factors affecting the
value of Nc of cement-based materials. For microstructure, the
applied voltage accelerated the chloride migration and formation
for Friedel’s salt within cement paste, which decreased the porosity
and higher the percentage of small pores. As shown in Table 3, the
porosity of cement paste after RCM test was slightly decreased
compared to that natural diffusion specimens. The mode pore size
RCM test specimens was smaller while the percentage of small
pores with diameter smaller than 50 nm was larger than the natu-
ral diffusion test specimens. For pores with smaller size, the effects
of EDL on chloride concentration in the expressed pore solution
can be enhanced as the chloride content in EDL unchanged. The
applied voltage also altered the density and distribution of surface
potential in hydration products and affected the zeta potential of
EDL. Fig. 8 shows the zeta potential of hardened cement paste after
soaking in NaCl solution and RCM test, the result of bath cured
sample is also presented as reference. For bath curing samples,
the OH ions in pore solution can be attracted by the surface
potential and diffusively distributed in diffusive layer. The zeta
potential of reference sample was about 3.9 mV. For chloride
exposed samples, the value of zeta potential was decreased with
the increase of sodium chloride concentration in the solution both
for diffusion and rapid migration tests. The zeta potentials of sam-
ples subjected to RCM test were higher than that of samples with
natural immersion, especially for samples exposed to lower
sodium chloride concentration solutions. As discussed above, the
chloride concentration in EDL was increased with larger zeta
potential. In this study, higher Nc was obtained in cement paste
specimens with external applied voltage due to larger zeta poten-
tial caused by the applied voltage.
Results showed that the differences of Nc between natural diffu-
sion and RCM test decreased as the chloride concentration in soak-
ing and catholyte solutions increased. The diffusion of chloride
Table 3
Pore size distribution of cement paste samples with 100% OPC.
Conditions Density/g.cc1 Total porosity/% Mode size/nm Pore size distribution/nm
5–10 10–50 50–1000 >1000
Natural soaking 2.12 18.16 18.51 17.90 63.23 14.10 4.77
Electro migration 2.14 18.02 17.35 20.71 63.57 9.22 6.50
0.0
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Fig. 8. Zeta potential of hardened cement paste with 100% OPC.
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determined by the concentration gradient. However, the applied
electric field can accelerate the penetration of chloride ions. When
the concentration of external solution was lower, the concentra-
tion gradient force was weak and the chloride migration in pore
solution was more controlled by the applied voltage. With the
increase of chloride concentration in the soaking solution, the con-
centration gradient force gradually enhanced and increased the
chloride concentration in EDL and bulk pore solution. Therefore,
the gap between concentration indexes for samples in two groups
were gradually narrowed as the concentration in soaking solution
increased, which can be also seen from the effects of applied volt-
age on zeta potential shown in Fig. 8.
3.4. Cation ions
Fig. 9 shows the value of Nc of cement paste specimens after
28 days of curing and 91 days of soaking in different cation types
of chloride solution. It can be seen from the figure that for cement0.0
0.5
1.0
1.5
2.0
2.5
3.0
N c
Chloride concentration in soaking solution/mol/L)
NaCl
 KCl
 CaCl
2
0.1 0.3 0.5 0.7 1.0
Fig. 9. Nc of cement paste specimens after 91 days of soaking in chloride solution
with different cations.paste specimens immersed in NaCl, KCl and CaCl2 solutions, CaCl2
immersed samples obtained the highest chloride concentration in
the expressed pore solution, followed by NaCl and KCl solution.
For all of these specimens, the value of Nc decreased with the
increase of chloride concentration in soaking solution.
According to the description and discussion on EDL model pre-
sented above, the type and concentration of co-ions and counter-
ions are important for zeta potential and ion distribution within
EDL. In previous studies [30], the chloride binding capacity of
cement pastes on sodium chloride and calcium chloride were
detected and compared. It was found that more chloride ions can
be adsorbed by hydration products for CaCl2 solution immersed
samples. For zeta potential of cement pastes, calcium ions are more
important and mostly the sign and value of zeta potential are con-
trolled by the concentration of calcium ions in pore solution [31].
Viallis-Terrisse et al. [32] reported that the value of zeta potential
of C-S-H gel was gradually increased with increase of calcium ion
concentration in solution and calcium ions were considered as
the potential-determining cation ion for the C-S-H surface.
Fig. 10 is the zeta potential of cement paste specimens with differ-
ent chloride solution after 28 days of curing and 91 days of soaking.
It can be seen that the zeta potential of samples immersed in CaCl2
solution was much higher than that of other two chloride solu-
tions, while no obvious differences were obtained for NaCl and
KCl solutions. The variations of zeta potential with chloride con-
centration and cation ions in soaking solution are similar to that
of Nc shown in Fig. 9. With the increase of zeta potential, more
chloride ions can be absorbed and increase the chloride concentra-
tion in EDL. Fig. 11 is the total chloride content of samples after
28 days of curing and 91 days of soaking in chloride solution with
different cations and concentrations. It can be found that for sam-
ples immersed in calcium chloride solution, more chloride ions can
be adsorbed compared to sodium chloride and potassium chloride
solutions. Generally, a similar role is played by sodium and potas-
sium ions for chloride adsorption within EDL and on the surface of
hydration products. In this study, the chloride binding capacity of0
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Fig. 10. Zeta potential of cement paste specimens with different types of chloride
solution.
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Fig. 11. Total chloride content of cement paste specimens with different types of
chloride solution.
X. Hu et al. / Construction and Building Materials 231 (2020) 117135 9sodium chloride was slightly higher than that of potassium
chloride.
4. Conclusions
In this study, the influential factors on chloride concentration
index of cement paste specimens by pore solution expression
method are studied, zeta potential and other properties of EDL
formed at the solid–liquid interface are considered. With the aid
of results and discussions, the mechanism of chloride concentrate
phenomenon and chloride concentration index can be illuminated.
Besides, this study can also lay a foundation for the application of
pore solution expression method in determining the free chloride
concentration of cement-based materials. According to the results
and discussions presented above, the following conclusions can be
drawn:
1. With the increase of chloride concentration in pore solution, the
thickness of EDL layer gradually decreased, which decreased the
percentage of adsorbed water content. The value of zeta poten-
tial also decreased with chloride concentration, which resulted
into the decrease of chloride concentration in the expressed
pore solution and value of Nc.
2. The slag-blended cement paste specimens showed low zeta
potential and Nc than cement paste without slag at early age
due to the lower early hydration rate. However, the addition
slag enhanced the formation of C-S-H gel as the soaking age
increased, which increased the zeta potential and value of Nc
for cement paste specimens after 1 year of soaking in chloride
solution.
3. The external applied voltage changed the distribution of surface
potential and increased the zeta potential, the chloride concen-
tration in the expressed pore solution of cement paste speci-
mens was increased after RCM test.
4. When CaCl2 solution was applied as soaking solution, the con-
tent of chloride ions adsorbed in EDL was increased due to
the increase of zeta potential. The values of Nc for NaCl and
KCl immersed samples were similar and both lower than that
of CaCl2 immersed cement paste specimens.
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